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Abstract 
The effect of hammer peening on the fatigue resistance of high strength welded joints in high strength structural steel S690 has 
been investigated. Cyclic four points bending tests have been performed on butt weld samples, manually and automatically 
hammered. Microstructural and mechanical modifications induced by both methods and their subsequent influences in fatigue 
life have been studied using several characterization techniques. It was found that the roughness of manually hammered samples 
is different than that of automatically hammered samples for which a lack of correct treatment in some regions of the weld 
cordon has been observed. A comparison of residual stress measurements using X-ray diffraction shows also differences between 
both methods. On the other hand, hardness profile of the strain hardened region is very similar for both types of samples. The 
ultra-fine grain microstructure of the heat-affected zone (HAZ) induced by the hammer peening process has been studied by 
Field Emission Scanning Electron Microscopy and Electron Back Scattered Technique (EBSD). The strain-hardened depth 
determined by Kernel Average Misorientation (KAM), microhardness and residual stress are compared. 
© 2013 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of CETIM, Direction de l'Agence de Programme. 
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1. Introduction 
Among the range of assembling methods available in steel constructions (cranes, bridges, cars, agricultural or 
mining machinery ...), welding is, by far, the mostly used. This technique, however, is well known to reduce the 
fatigue life of components due to notch stress concentration and residual tensile stresses in the welded joint resulting 
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from the thermal cycle and the phase transformations accompanying the weld process. In order to improve fatigue 
properties of welded components, hammer peening can be performed. This technique consists in plastically 
deforming the weld toe with repeated impacts of a needle like tool; the technique can be performed manually by an 
operator or automatically using a robot arm. 
In the fatigue literature, this technique has mainly been investigated from the residual stress point of view [1, 2]; 
indeed, the hammer peening process introduces large compressive stresses which tend to dim the harmful tensile 
residual stress state arising from the welding process. A substantial fatigue life improvement has been observed after 
hammering in high strength steels [3]. 
The plastic deformation induced by the hammering tool also smooths the radius of the zone corresponding to the 
transition between the base plate and the weld line and tends to reduce the stress concentration factor, which is an 
additional beneficial effect.  
The mechanical and repeated impacts applied into the surface in a short time (high strain and/or strain rate) 
typical of peening methods as shot introduce nano-grains and grain size gradient into the surface region of bulk 
metals and alloys. It is well known that fatigue properties of materials are highly sensitive to the microstructure and 
properties of the surface material. For example, a small grain size can enhance the fatigue crack initiation threshold 
while coarse grains may deflect the propagation paths of fatigue cracks introducing crack closure and decreasing the 
rate of crack growth [4]. Since in most cases mechanical failures originate from the surface of the work piece, 
components with nano or ultra-fine grain superficial layers are expected to have improved fatigue properties because 
both fatigue crack initiation and propagation are inhibited by fine grains near the surface and coarse grains in the 
interior, respectively. 
This effect has been well documented in the case of shot peening [5-7] but, to the best of author's knowledge, 
modifications of the local microstructure induced by hammering have not been reported yet. This is the aim of this 
paper which presents the results of a detailed microstructural characterization of a high strength steel hammered 
manually and automatically. 
2. Materials and Experimental Methods 
The material used is a low-alloy high strength structural steel S690. The material was supplied as 10 mm-thick 
plates which were butt welded. After welding the weld toe regions have been manually or automatically hammered 
using a pneumatic hammer as shown in Fig.  1. The radius of the hammer pin used is R=2 mm and the frequency is 
80 Hz. The speed of manual hammering is 18 cm/min whereas in the automatic hammering, with the pneumatic 
hammer mounted in a robot arm, is 10 cm/min. 
 
  
Manual hammering Automatic hammering 
Fig.1 Photographs of the hammering process. In the case of automatic hammering the hammer is held by a robot arm which translates the tool 
along a straight path aligned with the weld toe. 
The topography and roughness have been measured using a 3-dimensional non-contact optical profilometer. 
Superficial residual stresses (max depth ~ 5 μm) are measured by X-Ray diffraction using Cr-K radiation 
diffracted at 2T= 156° ({211} reflection) following the EN-15305 standard. The analyses are performed in the 
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longitudinal and transversal directions, in the weld toe (heat affected zone) or in the hammered zone of the plates. 
For each direction, 7 incidence angles (Ψ) are used to obtain equivalent interval in the sin2Ψaxis and to have 0 ≤ 
sin2Ψ≤ 0.45. The X-Ray spot size is adapted to the measurement zone. In-depth residual stress measurements, with 
material removallayer by chemical etching, have also been performed on the fatiguesamples. 
The microstructure of the welded toe before and after hammer peening has been observed on cross sections 
perpendicular to the welding direction. Samples were finish-polished with colloidal silica suspension. 
Microstructural analyses were performed using an optical microscope and a Field Emission Scanning Electron 
Microscope Zeiss Supra 55 equipped with an EBSD detector (HKL Channel 5 software). The Kernel Average 
Misorientation (KAM) approach has been used to identify local misorientation. The KAM is defined as the average 
misorientation angle between one EBSD measurement point (pixel) and all his neighbors at a given distance [8]. In 
order to study the in-depth evolution of misorientation several EBSD maps (45 x 30 mm) at different distances from 
the surface were obtained. Data were recorded at 30nm step size. For performing calculation second neighbor 
distance points were considered and the misorientation above 5º was excluded from the calculations. This value is 
large enough to still include in the analyses the subgrains, yet is small enough to get rid of neighboring grains while 
keeping subgrains in the analysis. 
Microhardness tests, with a load of 0.01kg, were performed in order to obtain the hardness evolution in the weld 
toe region. Several indents were made at different positions of the sample edge (weld toe) towards the interior. For 
each position the average of hardness values of three profiles is calculated. 
 
 
Fig.2 Schematic drawing of the four point bending fatigue samples machined from the welded plates 
 
Several fatigues samples have been machined from hammered and non-hammered plates. Electron Discharge 
Machining was used to produce the samples as this technique causes lower relaxation of residual stresses. The 
samples were designed in order to foster crack initiation and propagation at the hammered region. A schematic 
drawing of the fatigue sample geometry is shown in Fig. 2. Cyclic four point bending fatigue tests were performed 
at a constant amplitude of 175MPa and 200 MPa in the external fiber, (R=0.1, frequency 2 or 5 Hz) 
3. Results  
3.1Fatigue tests 
Manually and automatically hammered as well as non-hammered samples have been tested at two different levels 
of nominal stress range. In spite of the relatively small number of samples investigated so far, it is clear that the 
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hammering process has a beneficial effect on the fatigue life as expected (see Fig. 3). It is found that hammering 
improves the fatigue life especially in the lower stress regime. The improvement in fatigue life is more important in 
the case of samples manually hammered in the lower stress range. The failure always occurs at the weld toe. In the 
case of manually hammered samples tested at 'V=350 MPa the tests were stopped after 2 million of cycles; optical 
inspection along the weld line of those samples did not reveal the presence of cracks. 
 
 
Fig.3 Effect of hammering on S-N curves for the S690 steel 
3.2 Roughness tests 
The repeated impacts of the hammering tool create a non-smooth groove at the weld toe as shown on Fig. 4. 
While in the case of automatic hammering individual impacts can be distinguished (Fig. 4b), in the manual case 
these impacts are smeared out because the operator goes back and forth with the tool until a “good” optical finish is 
obtained (Fig. 4a). For the profiles shown on Fig. 4 the value of the parameter Pz (Maximum height of the primary 
profile) is 50 μm (standard deviation 11 μm) for the case of manual hammering and 75 Pm (standard deviation 14 
μm) for the automatic hammering. Further measurements on longer profiles are however required to confirm this 
trend. 
In the case of automatic hammering the robot trajectory is a straight line which is globally aligned with the weld 
line which is, of course, notstraight. In these irregular zones, the weld toe is missed by the robot. Samples showing 
this type of defects have been excluded from the fatigue tests. 
 
  
a) Manual treatment b) Automatic treatment 
Fig.4 3D surface roughness of hammered weld toes 
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3.3 Residual stress analysis 
The mean residual stress values (between 4 and 10 data) at the surface all along the weld line on non-hammered and 
hammered plates before machining are shown in the left part of Fig. 5. It can be seen that hammer peening produces 
relatively large compressive stresses along the welding bead. In general, the residual stressesare more important in 
the longitudinal direction than in the transversal direction, although in the case of automatic hammering the residual 
stress in the transversal direction is similar to that measured in as-welded samples In this case, it is possible that 
during hammering there is some relaxation in the transversal direction, this effect is probably avoided when 
hammering is performed manually due to the alternating movements (back and forth parallel to the weld line) of  the 
operator holding the tool.  
 
 
Fig.5 Left part of the graph:  residual stress measurements performed at the surface of the weld toe in the plates before and after hammering. 
Right part of the graph:  in-depth residual stress analysis performed at the weld toe of fatigue samples 
In-depth residual stress measurements carried out in the fatigue samples, i.e. after machining, are shown in the right 
part of the graph of Fig. 5. It can be observed that machining procedure has induced some modifications at the weld 
toe surface. In the case of the as-welded sample, machining process has introduced compressive residual stresses in 
the longitudinal direction and, in the case of automatic hammered sample, has induced a relaxation effect in the 
transversal direction. For the rest of the values, although a slight relaxation effect is detected the residual stresses 
values at the surface do not show a remarkable variation in comparison with those measured in the plates. For both 
types of hammering, at the surface, the compressive residual stresses in the longitudinal direction are more 
important than in the transversal direction. Unfortunately, due to the increase of surface roughness during etching, 
the in-depth analysis cannot be done further than 200 Pm. In spite of the short distance analysed, it is observed that, 
at least in the most superficial layer, the residual stresses introduced by the hammer when it is mounted in the robot, 
i.e. automatic hammering, seems to be more important in comparison with manual hammering. More samples 
should be analysed to confirm this point. 
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3.4 Microstructural examination and EBSD analysis 
 
Fig. 6 shows the typical microstructure of a weld toe. The base material (BM) microstructure consists in a 
tempered bainite. Because the regions of the material close to the weld experience different thermal histories, the 
Heat Affected Zone (HAZ) is composed of a quite heterogeneous microstructure, where coarse-grain zones, fine-
grain zones, intercritical zones and subcritical zones can be observed.The indentation left by the hammer impact in 
the weld toe is indicated by white arrows. The larger curvature of the weld toe region is likely to reduce the stress 








Fig.7 Comparison of hardness profiles at different positions of the cross section of the weld toe: a) non hammered and b) manually hammered 
Fig. 7 a) shows the in-depth hardness profiles measured at different positions of the weld toe without hammering. 
It is observed that the hardness profile of the weld toe varies around mean value of 250 HV depending on the 
position due to the microstructure heterogeneity. It can be also noticed even the hardness profile of position 3 (the 
further from the weld line) does not reach a constant value below the surface. In a hammered sample, as shown in 
Fig. 7 b), in spite of local variations due to microstructural changes, the hardness is maximum at the surface 
(350HV) and globally decreases until it reaches the values of a non-hammered sample. Although this global 
tendency is consistently observed in all samples the maximum value close to the surface is found to vary from 300 
HV up to 420 HV. The same tendency is observed in samples automatically hammered. 
 
 
156   C. Revilla-Gomez et al. /  Procedia Engineering  66 ( 2013 )  150 – 160 
 
 
a)                                           b)                                        c)                                         d) 
Fig.8 IPF maps showing the evolution of the microstructure from the surface down to 200 Pm and BC images showing the microstructure close to 
the surface for a) as-welded sample, b and c) manual hammered samples and d) automatic hammered samples.Same magnification for all BC 
images. 
Fig. 8shows the Inverse Pole Figure maps (IPF) illustrating the microstructural evolution from the surface to the 
interior and also, in the top of the figure, the Band Contrast images (BC), obtained by EBSD technique, for an as-
welded sample (a) and manually hammered samples (b and c) and automatically hammered sample (d).It can be 
observed that in spite of all the weld toes are plastically deformed the most superficial microstructure is very 
heterogeneous. In some cases the microstructure is slightly deformed and the initial microstructure can still be 
distinguished as in the case of Fig.8 b), whereas in other samples (Fig.8 c and d) the microstructure appears severely 
deformed with an ultra-fine grain microstructure. When this ultra-fine grain layer appears, it covers most of the 
whole cross section below the indentation left by hammering. In this case, in the manually hammered sample the 
fine grains are elongated, as shown in the BC images, and the thickness of the fine-grain layer ranges from 100 Pm, 
to about 200 Pm the microstructure is deformed and, finally, around 400 Pm (not shown in the image) the 
microstructure is no more deformed and corresponds to that of a non-hammered sample. In the case of an 
automatically hammered sample (Fig. 8 d) the fine grain layer extends deeper. The superficial layer consists in very 
fine equiaxed grains, in the interior the grains are more elongated and their average size increases gradually; in this 
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case, however, even at 200 Pm below the surface the microstructure is very fine in comparison with the manually 
hammered sample. The microstructural evolution from the surface can clearly be correlated with the observed 
hardness increase close to the surface.  
Fig. 9 shows the evolution of the local misorientation from the surface hammered down to the sample interior 
obtained with the EBSD technique through the KAM maps for a manually hammered sample corresponding to Fig. 
8 c). As shown by the colour code, in the map brighter colours correspond to region with high local misorientations 
which correspond to high dislocation density [9]. It is observed that near the hammered surface the density of 
dislocations is higher. The strain-hardened region extends below the surface down to about 250-300 Pm and then the 
local misorientation decreases. It is worth noting that the same tendency is observed for microstructures of Figs. c) 
and d) but obviously the strain-hardened region thickness is not the same. 
 
 
Fig.9 KAM maps and high magnification images for a hammered sample showing the effects of surface deformation at the sample surface. The 
position of the maps in the welded toe corresponds to position 2 in the Figure 7b) and Figure 8b) 
 
4. Discussion  
There are several factors that can account for the improvement of fatigue life. The presence of compressive 
residual stress is one of them. It seems to be more effective in the low stress range, especially for the manual 
hammering. Juni [10] has observed a similar trend in the case of butt -welded joints treated by ultrasonic peening: 
High levels of applied stress quickly cancel out the beneficial residual stresses during the initial cycles. 
Nevertheless, the similar compressive residual stress found in the surface of fatigue samples for both kinds of 
methods (Fig. 5) does not explain the high difference found between manual and automatic hammering at low stress 
range. Moreover, automatic hammering introduces more compressive residual stresses in depth in comparison with 
manual hammering, which contradict fatigue results.  
The presence of a superficial ultra-fine microstructure induced by the hammering procedure is another factor that 
can contribute to an increase in fatigue life, as shown by other authors in the case of shot peening, for example [7]. 
Nevertheless, it is observed that the microstructure along the hammered weld toe is not homogeneous and depends 
not only on the position along the weld toe but also on the influence of the hammering method used (manual or 
automatic), that might also affect the superficial fine-grain geometry.  
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The strain-hardened region thickness must be also taken into account. This value has been measured using 
different techniques. For example, Fig. 10 compares the local misorientation profile obtained from the KAM maps 
for the manual hammered sample of Fig. 9 (average values calculated for each map obtained at different distances 
from the surface) and the hardness profile that corresponds exactly with this microstructure (position 2 in the caption 
of Fig. 7 b). The graph shows that, on average, the density of dislocations in the first 250 Pm below the surface is 
high, and then it decreases down to 400 Pm, to reach the same values than in a non-hammered sample. On the other 
hand the hardness profile shows a peak in the near subsurface region and then decreases progressively to reach the 
typical value of a non-hammered sample at 250-300 Pm below the surface. It can be deduced from Fig. 10 that the 
hardness increase induced by hammering is strongly correlated to the increase in dislocation density. The fine grain 
zone might add an additional contribution (Hall Petch effect) and might be responsible for the very high values 
(~350 HV) observed just below the surface (< 100 μm) on Fig.8 c), but further measurements are necessary to 
confirm this point. It can be observed that both techniques used give similar thicknesses for the strain-hardened 
region. Unfortunately the in-depth residual stress measurements obtained so far do not go further than 200 μm 
below the surface and, therefore, cannot be correlated properly with the hardness and local misorientation evolution 
results. This limitation in the in-depth residual stress measurement is due to the technique used for material removal. 
In most of cases, this technique is accurate, but for this material, it leads to preferential attack around 200μm. This 
difficulty is on-going to be solved in using another system as electro-polishing system. The same analysis must be 
performed for all microstructures shown in Fig. 8 b) and d); although the thickness would be different a similar trend 
is expected. Thus, in order to confirm the influence of microstructure and its contribution to fatigue life 
improvement it is necessary to confirm the presence of the ultra-fine grain layer, its thickness and the grain 
geometry after sample failure. More in-depth residual stress analysis are also required in order to obtain at least an 
estimation of the strain hardened region thickness and check if these results fit with those obtained with hardness 
and EBSD technique. 
 
 
Fig.10 Comparison of the profile of hardness (position 2 of Fig. 7 b)  and KAM mean values  (Fig. 9) of a manually hammered sample. 
As a first approximation, the fact that the microstructure varies from one place of the position along the weld line 
to the other, can be explained as follows. When the hammering treatment is performed manually, the operator 
determines the number of passes to apply to the weld toe in order to obtain a “good” finishing quality (a subjective 
visual assessment), so that, depending of the number of impacts applied on each point of the weld cordon the 
hardness and microstructure, i.e. the strain-hardened affected depth, is expected to be different. Although this 
heterogeneity is likely to change the absolute level of strain hardening below the surface (in particular regarding the 
creation or not of the fine grain zone), the trend observed should remain the same along the weld toe. On the other 
hand the thicker strain-hardened region and the more important compressive residual stress found in automatically 
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hammered sample can be explained by the higher stiffness of the hammer when this one is fixed to the robot arm; 
automatic hammering should therefore transfer more kinetic energy to the material in comparison with manual 
hammering. Some authors have shown in the case of shot peening that the strain-hardened region extends 
progressively deeper with increasing shot peening intensity for a Ni-based alloy [5]. Hacini et al. [1] have obtained 
the same results in the case of an impact test machine for 304L steel. 
Since none of these parameters, residual stresses or microstructure, can explain individually the improvement of 
fatigue life of manual hammered samples in comparison with automatic hammering in the low fatigue range there 
should be another parameter to be considered. The roughness could be another important factor; manually 
hammered plaques analyzed so far seems to have a better surface finishing, i.e. less roughness.  In any case more 
tests and analysis should be carried out to confirm these results and explain the role or contribution of each 
parameter (roughness, residual stress, microstructure and strain-hardened region thickness) in fatigue life 
improvement. 
5. Conclusions 
The finishing quality and roughness of the hammered weld toe can be controlled better when the hammering is 
performed manually in comparison with automatic hammering.  
The hammer peening procedure of welded samples improves their fatigue life, above all at lower stress range. At 
these last conditions, manual hammering seems to be more efficient than automatic hammering. 
The presence of compressive residual stresses arising from the hammering process certainly takes part in the 
increase of fatigue life. In general for both hammering methods, manual and automatic, at the surface of the weld 
toe, the residual stress in the longitudinal direction is more important than in the transversal direction, Moreover, the 
in-depth residual analysis show that automatic hammering introduces higher compressive residual stress. 
The plastic deformation introduced by the hammer has created below the surface a strain hardened region. The 
thickness varies depending on the position along the weld toe and seems to be higher for the automatic hammering. 
The depth of the strain-hardened region created below the hammered surface can be determined by a coupled 
analysis of EBSD maps and hardness profiles. 
An ultra-grain fine superficial layer has also been detected at the welded toe of hammered samples. The presence 
of this region is also likely to improve the fatigue life of hammer samples as it is correlated with even higher values 
of hardness, however, this point requires however further investigation. 
Further analysis must be carried out to know the contribution of the different modifications introduced by 
hammering procedure (compressive residual stress, strain-hardened region, stress concentration, ultra-fine 
superficial layer...) that can take part in to fatigue life improvement. 
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